In an attempt to develop an accident-tolerant fuel (ATF) that can delay the deleterious consequences of loss-of-coolant-accidents (LOCA), multilayer coatings were deposited onto ZIRLO ® 1 coupon substrates by cathodic arc physical vapor deposition (CA-PVD). Coatings were composed of alternating TiN (top) and Ti 1-x Al x N (2-layer, 4-layer, 8-layer and 16-layer) layers. The minimum TiN top coating thickness and coating architecture were optimized for good corrosion and oxidation resistance. Corrosion tests were performed in static pure water at 360º C and 18.7 MPa for up to 90 days. The optimized coatings had no spallation/delamination and had a maximum of 6 mg/dm² weight gain, which is 6 times smaller than that of a control sample of uncoated ZIRLO ® which showed a weight gain of 40.2 mg/dm². The optimized architecture features a ~1µm TiN top layer to prevent boehmite phase formation during corrosion and a TiN/TiAlN 8-layer architecture which provides the best corrosion performance.
Introduction
Zirconium-based alloys are used in nuclear power reactors because of their low neutron absorption cross section, high temperature corrosion resistance, good mechanical properties and void swelling resistance [1, 2] . However, zirconium-based nuclear fuel cladding alloys undergo waterside corrosion by the primary coolant water under normal operating conditions. As the amount of hydrogen generated in the corrosion reaction exceeds the hydrogen solid solubility limit of zirconium, hydride precipitation takes place in the cladding, which can lead to cladding embrittlement [3] . In the case of a loss-of-coolant-accident (LOCA), the cladding temperature may increase above 1200ºC leading to a significant acceleration of the corrosion reactions and corresponding hydrogen generation. During the Fukushima-Daichii accident at the 2011 Japan earthquake and tsunami, the large amount of hydrogen generated through corrosion mechanism led to explosions in the reactor building, which severely worsened the accident development [4] .
This issue has motivated research into Accident Tolerant Fuels (ATF), defined as fuels that provide additional coping time making external intervention possible before severe fuel damage occurs. ATF cladding concepts that have been proposed include bulk ferritic alloy steel cladding [5] , bulk silicon carbide (SiC) [6] , and others [7] . Although these concepts have the potential to be more tolerant in case of accidents, they would require major engineering design changes to the reactor cores. An alternative approach is to create a cladding with a protective coating. This approach would also improve corrosion performance and hydrogen pickup during normal operation, leading to further improved design safety. Several coating materials have been studied previously, including SiC, Ti 3 AlC 2 , Ti 3 SiC 2 , TiN and TiAlN [8] [9] [10] . Among these, there has been two studies to assess the oxidation resistance of TiN and TiAlN coatings on zirconiumbased alloy substrates; one in which pulsed laser deposition (PLD) was used to put coatings on Zircaloy-4 [9] and other using cathodic arc physical vapor deposition (CA-PVD) to put coatings on a ZIRLO ® substrate [11] .
TiN and TiAlN coating applications on high-speed tool steels, cemented carbides, and cermet substrates for various cutting and finishing operations in the tooling industry have been studied for years [12] [13] [14] [15] [16] [17] [18] [19] . Depending on its stoichiometry, TiN can provide chemical inertness [9] up to 600ºC in air [19] . The Al incorporation into TiN, titanium aluminum nitride (TiAlN) provides high temperature oxidation resistance, advanced wear/abrasion resistance and improved toughness under extreme environments [20, 21] . When 0.7>x>0.6 for Ti 1-x Al x N, titanium nitride and aluminum nitride nanodomains co-exist, resulting in increased hardness and Young's modulus of the material [19, 22] . It was also demonstrated that this composition leads to additional improvement in oxidation/corrosion resistance (upwards of 800-1000ºC), thermal stability, wear/abrasion resistance and toughness [12, 19, [23] [24] [25] . The increased oxidation resistance results from the formation of a thin, dense and protective oxidation barrier (Al 2 O 3 )
which reduces inward oxygen diffusion and outward aluminum diffusion in the protective film [19] . Because, oxidation initiation of TiAlN coating depends on the aluminum content, the increase of aluminum content improves oxidation resistance by shifting its commencement to higher temperatures [26] .
In our previous study, monolithic TiN and TiAlN coatings deposited onto ZIRLO ® cladding by CA-PVD with various deposition parameters were investigated to evaluate coating durability in a high temperature water environment [11] . It was determined that both types of coatings adhered well to a ZIRLO ® substrate with a substrate surface roughness of 0.25 µm R a and a Ti bond coating layer with a thickness of 0.6 µm. Deposition parameters were optimized to achieve a coating which was able to withstand autoclave testing at 360ºC and 18.7 MPa saturation pressure for 3 days. However, non-uniform AlO(OH) -boehmite phase formation was observed on the surface of TiAlN coatings after the autoclave testing due to the reaction of water and resulted in depletion of aluminum from the coating. The formation of boehmite is detrimental to corrosion performance due to its high growth rate and poor adhesion which results in spallation and subsequent oxidation and recession of the coating. Boehmite formation was prevented when utilizing TiN layers which do not produce the boehmite phase. Thus, it was suggested to produce multilayer coatings with TiN as the exterior layer to act as a barrier for boehmite phase formation and benefit from advanced properties of both coatings in order to develop a coating with high temperature corrosion resistance. It should be noted that although coatings significantly reduce hydrogen uptake, which is beneficial for prevention of hydrogen embrittlement observed in zirconium alloys.
Multilayer coatings of TiN and TiAlN have been widely studied since they enhance properties such as hardness, wear resistance, and corrosion resistance [19, [28] [29] [30] [31] [32] [33] . The reason of increased hardness and wear resistance in multilayer structures was attributed to the dense and fine grain structure achieved by the interruption of the columnar grain structure due to nucleation of the successive layer, leading to large interfacial area [19] . Good corrosion resistance in multilayered coatings was attributed to the better scratch or crevice prevention possibility [34] .
Additionally, it was also suggested that defects occurring in a single coating layer can be neutralized by the successive coating layer blocking the corrosive agent path.
In order to evaluate the performance of a coating in case of a LOCA condition, high temperature steam corrosion tests should be performed. In the current study, TiN and TiAlN multilayer coatings with various architectures were investigated at normal operation conditions to determine the minimum TiN top coating thickness necessary to avoid boehmite phase formation and to optimize damage tolerant coating architecture for good corrosion and oxidation resistance without any cracking or debonding.
Experimental procedures

Materials and Coating
Multilayer Ti 1-x Tester) previously determined to be the optimum value to satisfy coating adhesion [11] . Sample 5 edges and corners were also ground with 240 grit SiC paper. After each grinding operation, the following cleaning steps were performed: 10 minutes acetone exposure in an ultrasonic cleaner, deionized water rinse, 10 minutes methanol exposure in the ultrasonic cleaner and deionized water rinse, followed by drying with nitrogen gas. A 1.6 mm diameter hole was drilled near one edge of the sample for hanging on an autoclave tree during corrosion tests.
Coating Deposition
In this study, coatings were deposited by CA-PVD. In CA-PVD, the cathode which is the source of coating material is vaporized under arcing conditions that involves a high-current lowvoltage current passing between two electrodes (anode and cathode). This high current density induces vaporization, melting and molten or solid particle ejection, which results in arc erosion on the cathode surface [35] . A high percentage of the vaporized species are ionized and some of them are multiply charged [36] .
CA-PVD has several advantages over other PVD processes such as higher kinetic energy of the depositing species leading to compressive residual stresses in the coating [37, 38] that help terminate crack propagation, tailorability of the interfacial products (especially in multilayer coatings), indistinct coating/substrate interface [19] and scalability to production size. The main disadvantage of CA-PVD is the macro sized metallic particles (1-10 µm) either in the form of molten droplets of low melting point materials (Al in case of TiAlN) or of solid particles [35] .
These particles may be entrapped within the coating during deposition leading to stress concentration and crack initiation or become incompletely ionized excess atoms which coalesce to macro-particles during flight towards the substrate [13, 19, 39] . Furthermore, thermal evaporation that may occur from these particles can result in thickness and composition variation in the film [35] . Studies to avoid these particles still continue.
The dimensions of the chamber used for the PVD in this study were 50. Prior to deposition, sputter cleaning was performed to remove the native oxide from the substrate surface and improve coating adhesion by applying 1.6 x 10 -3 Pa Ar atmosphere and -1000 V bias. The titanium-bond coating was deposited under argon atmosphere with a thickness of 0.6 µm, and a deposition rate of 0.75 m/min. The coating deposition was conducted under 1.6 Pa N 2 atmosphere, with -50 V bias, and an approximate deposition rate of 0.028 µm/min (1.68 µm/hour). Coating properties specific for each sample are provided in Table 1 . The total coating thickness was around 10 μm which for the elements used caused a negligible neutronic penalty realtive to uncoated ZIRLO [40] . Each layer at the top coat had approximately the same thickness, except E22, which has a thinner (~1 micron) top layer. Accordingly, the layer thickness ranged from 0.7 µm at the 16-layer sample to 6 µm at the 2-layer sample. Weight gain measurements were performed following the autoclave test as a measure of corrosion, and the samples were examined visually using optical microscopy (OM).
The structural and morphological properties of samples tested for a longer duration (33 and 90 days) were further characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS). Both frontal and crosssectional SEM/EDS analyses were performed. Frontal analyses were conducted directly after the autoclave test. Analyses of cross section of samples coated were conducted by cutting the samples in half, mounting in cold mount epoxy, grinding and polishing. X-ray diffraction (XRD) studies were conducted on a PANalytical XPert Pro Multi-Purpose Diffractometer (MPD) instrument with 240 mm radius, fixed divergence slit (0.25°), receiving slit (0.25°), using Cu K α (K α 1=1.54056 Å, K α 2=1.54443Å) radiation. XRD analysis with Grazing Incidence (GI) and Bragg-Brentano (BB) scans were performed with a step size of 0.026° two-theta to reveal the phases formed during corrosion. GI scans were conducted at incidence angles of 0.5°, 1°, 5°, 10°
or 15° to achieve the appropriate depth of penetration for the incident beam and to be able to distinguish phases at different layers of the coating. The penetration depth was estimated using 
Results and Discussion
Our previous work [11] showed that monolayer TiN and TiAlN coatings adhered well to ZIRLO ® substrate with a surface roughness of 0.25 µm R a and a 0.6 µm thick Ti bond coating layer. Hence, coatings in this study were deposited onto substrates with the specified surface roughness and a titanium bond coating layer with the specified thickness. The same study [11] also showed that non-uniform boehmite phase formed on the surface of TiAlN coatings after autoclave testing (Figure 1a ) with depletion of aluminum from top ~4 µm region of the coating (Figure 1b) . However, the surface of the autoclave tested TiN coating showed neither boehmite phase formation nor spallation/delamination or crack formation (Figure 1c) . Figure 1d is a crosssectional backscattered electron SEM image which shows that TiN coating prevented oxide formation at the ZIRLO ® interface. Accordingly, multilayered TiN/TiAlN coatings were deposited in this study. Coating properties of the samples are shown in Table 1 . The weight gain data of these coated samples and uncoated ZIRLO ® presented in Figure 2 show that the coated samples had an order of magnitude lower weight gain compared to uncoated ZIRLO ® . This suggests that multilayer coating is capable of achieving better corrosion resistance than uncoated samples. The data also indicates that the multilayer architecture has a strong influence on corrosion, which means that the proper design of the multilayer is essential to achieve good corrosion protection.
However, further analysis is required to evaluate whether this weight gain data were only due to oxidation or included spallation/delamination. Optical microscopy (OM) and scanning electron microscopy (SEM) coupled with energy dispersive X-ray spectroscopy (EDS) were performed to answer this and are presented later in this section. 
Autoclave tested samples for 7 days
Cross-sectional OM images of samples corroded for 7 days in autoclave are shown in 
Microscopic Characterization of 33-day Autoclave tested samples
Characterization was also performed on samples that were autoclave tested for 33 days.
While uncoated ZIRLO ® showed a weight gain of ~20 mg/dm², coated samples showed weight gains around 1-3 mg/dm², again an order of magnitude lower than that of the uncoated sample.
Overall, the coatings were adherent to the ZIRLO ® substrate. AlO(OH) 13 Zr peak intensities were very high compared to TiAlN and oxide phase peak intensities, due to larger volume of the substrate, making it difficult to analyze the pattern. Therefore, Grazing
Incidence (GI) XRD was performed to better reveal the TiN, TiAlN and oxide phases. Several incident angles were used to separate the phases through the layers. Figure 5 shows XRD GI patterns for E26 (TiN/Ti 1-x Al x N 16-layer with 11.9 µm coating thickness). For this sample, measurements were conducted using incident angles of 0.5°, 1°, 5°
and 10°. For penetration depth calculations, the density of TiN was assumed to be 5.4 g/cm 3 and
TiAlN was assumed to be 4.8 g/cm 3 . Accordingly, the corresponding penetration depths for the specified incident angles were calculated to be ~0.5, 1, 3 and 6 µm, respectively. The lower penetration depths (0.5 and 1 μm) made it possible to index the oxide phase peaks as coming from anatase (TiO 2 , ICDD PDF# 00-021-1272) and rutile (TiO 2 , ICDD PDF# 00-021-1276).
Anatase and rutile are phases with same chemistry but different crystallographic space groups.
As the penetration depth increased, it was possible to identify the peak intensities of Ti 0.44 Al 0.56 N (ICDD PDF# 01-080-4072) and TiN (ICDD PDF# 04-015-0336). Figure 5 . GI XRD patterns of sample E26 (TiN/Ti 1-x Al x N 16-layer with 11.9 µm coating thickness) that was exposed to the autoclave test at 360°C and saturation pressure of 18.7 MPa for 33 days. GI XRD measurement was conducted with incident angles of 0.5°, 1°, 5° and 10°. The corresponding penetration depth for specified incident angles were calculated to be ~0.5, 1, 3 and 6 µm, respectively. Oxide phases were determined to be anatase (A-TiO 2 ) and rutile (RTiO 2 ).
14 In order to better study and reveal the phases formed on the surface, GI patterns using a 1° incident angle were obtained for all samples, as shown in Figure 6 . Similar to the results presented in Figure 5 , . GI XRD patterns of samples that were exposed to the autoclave test at 360°C and saturation pressure of 18.7 MPa for 33 days. GI XRD measurement was conducted with an incident angle of 1°. The penetration depth was calculated to be ~1 µm, and assuming the density as 5.5 g/cm 3 for TiN.
Secondary Electron SEM images of the surface topography of the 33-day autoclave tested samples are presented in Figure 7 . Although macro-particles were observed on the surface, no spallation, delamination or cracks were observed on the surface, indicating good adherence between coating and substrate and good coating durability in the corrosion environment for 33
days. The composition of these macro-particles were determined both from surface and cross section using EDS point analysis. Surface analysis showed that macro-particles were composed 15 of ~65 at.% oxygen and ~15 at.% titanium, the rest being mostly iron, carbon, chromium and nickel due to contamination from the autoclave. However, cross sectional analyses revealed that the macro-particles extended through the layers, exhibiting a composition proportional with the composition of the corresponding layer. Wave-like structures along the horizontal direction periodically occur in the vertical direction with an elevated region of width ~1 µm thick, which was attributed to the morphology of the as-polished substrate surface. Table 1 . crack or delamination/spallation was observed, indicating good corrosion resistance. These SEM images demonstrates that only a thin TiN layer is required as a barrier to minimize Al migration and prevent Boehmite formation.
The coating composition was evaluated using EDS to assess the coating effectiveness in preventing oxygen ingress. EDS spectra (taken from E22 and E23) revealed the composition of the TiAlN layers as 16 at.% Ti, 32 at.% Al and 52 at.% N, in good agreement with the cathode composition of 33 at.% Ti and 67 at.% Al and it is expected that cathode composition dictates the coating composition in PVD processes [19] . Figure 9a shows the oxygen profile and Figure 9b shows a line scan of the multilayer coating for TiN/TiAlN 8-layer coated sample. Figure 9a shows that oxygen penetrated only to a distance of ~1.5 μm, corresponding only to the outermost TiN layer. This means that little or no no oxide forms on the subsequent layers of the coating or at the substrate and coating interface.
As we reach to the substrate interface, an increase in the oxygen was observed which was the oxygen that was already present when the alloy was produced, which is acceptable up in the range of 0.09-0.16 wt.% [41] . Very little oxygen was seen within the multilayers as shown in the line scan in 9b. 
Conclusion
In this study, TiN and TiAlN multilayer coatings with various architectures were deposited on ZIRLO ® coupons according to the previously determined deposition parameters, Ti bond coating with thickness of 0.6 µm and a substrate surface with 0.25 µm R a roughness. The main aim was to determine the optimum multilayer architecture and determine minimum TiN top layer thickness to achieve a coating that would withstand 360ºC water exposure for 90 days with minimal weight gain, no boehmite phase formation, no penetration of oxygen, no cracking and no debonding.
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A thin layer of (~1µm) TiN as a barrier is sufficient to stop Al migration and prevent boehmite phase formation. All coatings were able to withstand the autoclave test without any spallation/delamination up to 7 days and most coatings were adherent to the surface for up to 33 days. At the end of 90 days, TiN/TiAlN 8-layer architecture coatings showed the best corrosion performance at 360°C and 18.7 MPa (saturation pressure) compared to other tested multilayer architectures due to no boehmite phase formation, positive weight gain data without any delamination/spallation and prevention of oxygen ingress prevention.
We conclude that the best architecture developed (8 and 16-layer TiN/TiAlN multilayer coatings) showed approximately an order of magnitude lower weight gain compared to uncoated ZIRLO ® substrate and no delamination or spallation.
We continue to perform research in this area to develop coatings that can withstand higher temperatures to create an accident tolerant fuel, as will be discussed in upcoming publications.
